The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. The performance and long-term stability of a direct-methanol fuel cell (DMFC) employing PtRu supported on nitrogen-modified carbon is compared with that of PtRu/C (Hi-spec 5000). The long-term stability test is carried by means of accelerated degradation testing (ADT) at an anodic potential of 0.8 V vs. DHE for 640h. The initial DMFC performance of the MEA The performance and long-term stability of a direct-methanol fuel cell (DMFC) employing PtRu supported on nitrogen-modified carbon is compared with that of PtRu/C (Hi-spec 5000). The long-term stability test is carried by means of accelerated degradation testing (ADT) at an anodic potential of 0.8 V vs. DHE for 640h. The initial DMFC performance of the MEA containing PtRu/C (N-doped) is slightly lower than that of the PtRu/C (Hi-SPEC) because of the lower ECSA of the former. After 640h ADT, the anode ECSA loss is found to be ∼21% and ∼26% for the PtRu/C (N-doped) and PtRu/C (Hi-SPEC), respectively. Electrochemical analyzes reveal that cathode of the MEA with PtRu/C (N-doped) is less contaminated with Ru. It is further corroborated by post-mortem analysis done by scanning electron microscopy (SEM) associated with EDS, which indicates 4.8 and 8.2 at.% Ru accumulation, respectively, in the cathodes of the PtRu/C (N-doped) and PtRu/C (Hi-SPEC) MEAs after 640h ADT. Although both MEAs sustain anode and cathode ECSA losses, the performance for the PtRu/C (N-doped) MEA is improved by ∼28% and ∼8% after initial and long-term ADT, while the performance for the PtRu/C (Hi-SPEC) MEA is improved by ∼20% after initial and decreased by ∼3% after long-term ADT.
Direct methanol fuel cells (DMFCs) are considered as potential portable power sources for electronic devices owing to the high energy density of methanol, their benign operating conditions and their relative compactness. [1] [2] [3] For commercial implementation of a DMFC, improving lifetime reliability and stability are key factors. Improving the lifetime stability of the membrane electrode assembly (MEA) in a DMFC remains a challenging issue due to the degradation of components under the strong chemical and electrical potential gradients experienced in a fuel cell. In recent years, a substantial amount of research has been carried out to gain insight into DMFC MEA degradation. [4] [5] [6] [7] [8] [9] [10] [11] It is broadly understood that the DMFC undergoes both recoverable and irrecoverable losses while operating under lifetime tests over a wide range of operating conditions. Voltage losses that occur due to water flooding at the cathode, surface oxidation of Pt in the cathode and CO 2 accumulation at the anode are recoverable. 5, 12 However, losses that arise due to Ru dissolution from PtRu in the anode and crossover of Ru to cathode, electrode delamination, catalyst surface area loss due to dissolution and/or agglomeration, and changes in the hydrophilic/hydrophobic balance of the electrodes are irrecoverable. [13] [14] [15] [16] [17] In regards to Ru instabilities, Piela et al. have conducted a detailed study on the dissolution of Ru from state-of-the-art PtRu black catalysts and its subsequent migration and contamination of cathodes in a DMFC stack under pre-humidified conditions. 13 Ru contamination in the cathode typically leads to voltage losses in a DMFC on the order of ∼40-60 mV by reducing the oxygen reduction reaction (ORR) and cathode's ability to handle methanol crossover. 13, 18 Because of these issues, several strategies have been adapted to enhance the stability of PtRu. [19] [20] [21] For instance, Chang et al. 19 reported that an annealed (>200
• C) PtRu containing RuO x H y species exhibited a relatively higher stability during voltammetric investigations compared with non-annealed samples. In a similar fashion, PtRu catalysts formed by decorating Pt metal with ruthenium oxide nanosheets (HROns) have shown greater stability when compared against conventional PtRu catalysts in accelerated stability tests conducted in the potentiostatic mode. 20, 21 In another approach, it has been demonstrated that incorporation of Au into PtRu stabilizes the PtRu catalyst against the dissolution of Ru. 22 It has been hypothesized that Au incorporation in PtRu may lead to charge transfer from Ru to Au, thereby increasing the oxidation state of Ru to Ru 3+ in the Au/PtRu catalyst. The resulting Ru 3+ is stabilized because it requires a higher anodic potential to undergo dissolution during DMFC operation.
In an increasingly well-studied alternative approach, researchers have used novel catalyst support materials, [23] [24] [25] including chemically functionalized or modified carbon support materials that can provide better anchoring sites to stabilize the supported Pt or PtRu nanoparticles. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Among these later approaches, functionalization of high surface area carbon supports with nitrogen has gained particular momentum and has been demonstrated to yield several beneficial effects, including improving the dispersion and reducing the size of the Pt particles nucleated on the support, 38, 39 increasing the interaction (and hence stability) of the Pt nanoparticles with the support, and increasing the electrical conductivity and hydrophyllicity of the support itself. [40] [41] [42] These effects are in-part attributed to the fact that nitrogen-functionalization of the carbon support can alter the pi bonding and increase the basicity, which in-turn enhances the Pt-C bond strength, resulting in stabilization of the Pt particles. [43] [44] [45] PtRu nanoparticles supported on nitrogen-doped carbon black 27 and carbon nanotubes (CNTs) 26, 28 have shown higher electrochemically active surface area (ECSA) than their undoped counterparts, which results in higher intrinsic and mass activity toward the methanol oxidation reaction (MOR). Hsu et al. 34 have reported that Pt nanoparticle catalysts supported on nitrogen-doped CNTs show 15-fold higher MOR activities than a standard commercial Pt/C catalyst (E-TEK) after undergoing a potentiometric accelerated durability test for 2000 cycles. Interestingly, PtRu nanoparticles supported on a nitrogendoped carbon nanotube-graphene hybrid nanostructure (NCNT-GHN) yielded nearly 30% higher power density and maintained higher voltage (nearly 100 mV) compared with PtRu nanoparticles supported on undoped CNTs when used in the anode of a DMFC during durability testing for 80h. 33 Our group has recently conducted model-catalyst durability studies using Pt and PtRu nanoparticles electrodeposited as well as sputtered on nitrogen-doped highly oriented pyrolytic graphite (HOPG) to gain fundamental insight into the interactions between the nanoparticles and the functionalized carbon support. 29, 32, 45 The morphology and stability of Pt and PtRu was significantly improved during electrochemical durability cycling tests when the HOPG support was doped with relatively higher amounts of nitrogen (> 4%) as compared to undoped supports or supports doped with smaller levels of nitrogen. 46 It has been attributed that the lone pair of electrons on the sp 2 orbital at (pyridinic) nitrogen sites in the plane of carbon rings immobilizes Journal of The Electrochemical Society, 159 (11) F768-F778 (2012) F769 the Pt and PtRu particles more firmly, which results in higher stability, and that multi-nitrogen functionalities are more effective than isolated substitutional nitrogen defects. 33, 46 In the present work, the above strategy has been followed to prepare nitrogen-doped high surface area Vulcan XC-72 carbon sputtered with PtRu in order to evaluate its performance and durability in the anode of a DMFC. The performance of this nitrogen-doped PtRu/C catalyst is compared against an MEA made from a state-of-the-art commercial PtRu/C (Hi-SPEC) catalyst. The PtRu composition (1:1 at.%) and the metal loading (30 wt%) on carbon are similar for both catalysts. The durability test has been performed by means of a potentiostatic accelerated degradation test (ADT) at 0.8 V (anode potential) vs. dynamic hydrogen electrode (DHE) for 640h. The ADT at 0.8 V vs. DHE has been applied instead of a normal operating cell voltage (usually 0.2 to 0.4 V) for the durability test because this high potential accelerates the dissolution of Ru, 13, 18, 47 which is used to examine and compare the stability aspects of the PtRu supported on N-doped carbon with the conventional PtRu/C catalyst. Additionally, during long-term DMFC operation short circuits, fuel starvation, or cell reversal may occur and during such episodes the anode can experience high potentials above 0.5 V. 18, 47 Under such circumstances, the ADT at 0.8 V can provide additional information on the durability performance of the DMFC. Therefore, this work provides new insights into the stability of PtRu supported on nitrogen doped carbon, and compliments our recently reported work pertinent to long-term durability testing carried out under normal DMFC operating conditions. 48 
Experimental
Preparation of PtRu (N-doped-carbon) catalyst.-PtRu(1:1) supported on nitrogen-doped carbon (PtRu/C (N-doped)) was prepared as an in-house catalyst. Initially, 500 mg of commercially available carbon powder (Cabot Vulcan XCR72R) was subjected to ion implantation with a non-mass separated nitrogen ion beam at room temperature for a period of 60 min with the ion beam energy of 100 eV and beam current of 13 mA. Subsequently, PtRu was incorporated onto the N-doped carbon powder by means of magnetron sputtering from a 50:50 PtRu alloy target. The sputtering was carried out by purging argon as the sputter gas with 10 mol% O 2 for a period of 60 min at 25 mTorr with DC power of 45 W. The details on the custom vacuum chamber used for the combined powder ion-implanatation/sputtering process have been described elsewhere. 49 Physiochemical characterization of PtRu/C (N-doped) and PtRu/C (Hi-SPEC) catalysts.-The initial composition of the PtRu/C (Ndoped) was measured by X-ray fluorescence (XRF) using a maXXi 5/PIN XRF instrument (Roentgen Analytic) equipped with a tungsten target. The XRF composition was obtained by comparison with calibrated Pt 1−x Ru x standards using software provided by the XRF manufacturer. Thermogravimetric analysis (TGA) was used to determine the total metal content of the PtRu/C (N-doped) catalyst powders. The TGA was done using the TA Q600 (TA Instruments, New Castle, DE) by feeding 100 mL min −1 of synthetic air (80% N 2 , 20% O 2 ) with a heating rate of 5
• C min −1 to a temperature of 850 • C. It is assumed that the final mass at 850
• C is composed of RuO 2 and Pt. The X-ray Photoelectron Spectroscopy (XPS) analysis of the PtRu/C (N-doped) was carried out using a Kratos Nova XPS with a monochromatic Al K-alpha source operated at 300 W. Data analyzes was performed using Casa XPS software and included subtraction of the linear background for O 1s and N 1s and the Shirley background for Pt 4f, Ru 3p and combined C 1s/Ru 3d regions. 50 Charge referencing was performed using the graphitic peak at 284.6 eV. The detailed information on the curve-fitting procedure is given elsewhere. 46 MEA fabrication using PtRu/C (N-doped) and PtRu/C (Hi-SPEC) and DMFC testing.-MEAs with area 5 cm 2 were fabricated by the spray-coating method using the protocol described elsewhere. 51 Briefly, catalyst inks for the anode and the cathode were prepared by mixing appropriate amounts of 30 wt% PtRu/C (N-doped) or PtRu/C (Hi-SPEC) and 40 wt% Pt/C (JM Hi-spec 4000), respectively, with isopropyl alcohol and ultrasonicated for 15 min. Then, 30 wt% of Nafion solution was added to the mixture and further ultrasonicated for 10 min. Subsequently, the prepared PtRu/C (N-doped) or PtRu/C (Hi-SPEC) and Pt/C homogeneous catalyst inks were sprayed on either side of pretreated Nafion 117 membranes. The catalyst loadings were maintained to 2 mg cm −2 for both the anodes and cathodes of the MEAs. Finally, the MEAs were hot pressed at a temperature of 135
• C under a load of 133 kg for 10 min. To test DMFC performance, the MEAs were assembled in single-cell test fixtures by placing micro porous carbon coated carbon paper contains 5 wt% PTFE (Sigracet, Model 25 BC), which acted as a gas diffusion layer (GDL) on either side of the MEAs. Serpentine-type graphite separators with channel dimension of 1 mm × 1 mm (depth × width) were employed. After assembling the MEAs, preconditioning was carried out by a two-step process involving hydrogen-air testing prior to methanol-air conditioning to establish a maximum performance of the cell. 52 Initially, the cell was preconditioned by discharging at 0.6 V for 2h by feeding humidified H 2 (105 mL min −1 ) and air (350 mL min −1 ) to the anode and cathode, respectively, at 80
• C. Then, the cell voltage was maintained at 0.6 V for 10 min and 0.8 V for 5 min and this discharging cycle was repeated for 20h. In the subsequent step, the cell was discharged at a constant current of 0.1 A using 0.5 M methanol (2 mL min −1 ) and humidified air (200 mL min −1 ) at 80
• C for 6h. After preconditioning, the DMFC performance curves were obtained by feeding 1 M methanol (2 mL min −1 ) and humidified air (200 mL min −1 ) to the anode and cathode, respectively, at ambient pressure and at 80
• C. The DMFC performance testing was carried out galvanostatically by altering the current in 15 min steps and the corresponding voltage values were recorded with a commercial test station (Teledyne Energy Systems, Inc., USA). The voltage values recorded for the last 5 min at each current step were averaged and used for plotting the polarization curves.
ADT for the MEAs.-The ADT study for each cell was conducted for 640h using a potentiostat (Solartron Analytical, Model 1470E, USA) under an ADT protocol described in detail previously 8 with interruption every 80h to measure the ECSA of the electrodes, test DMFC performance, and acquire MOR polarization of the anode. Briefly, the ADT protocol involved feeding the anode (which served as the working electrode) with humidified N 2 (100 mL min −1 ), while the cathode (which acted as the counter and reference electrode) was fed with humidified H 2 (100 mL min −1 ). The anode potential was maintained at 0.8 V vs. DHE during the ADT at ambient pressure and at a temperature of 30
• C. During the ADT study, testing was interrupted for every 80 h to conduct detailed electrochemical measurements including CO stripping voltammetry, cyclic voltammetry (CV) and linear sweep voltammetry (LSV) using a potentiostat (Solartron Analytical, Model 1470E, USA).
Electrochemical characterization of MEAs.-CO stripping voltammetry was used to determine changes to the ECSA of the anode and changes to the state of cathode over the course of the ADT. To perform CO stripping for the anode, high-purity humidified 0.1% CO in argon (200 mL min −1 ) and H 2 (100 mL min −1 ) were fed to anode and cathode, respectively. For the cathode CO stripping, the respective gases were switched, i.e. 0.1% CO in argon (200 mL min −1 ) and H 2 (100 mL min −1 ) were fed to the cathode and anode, respectively. For each stripping experiment, 0.1% CO in argon was fed to the electrode of interest (anode/cathode) while its potential was maintained at 0.1 V for 30 min. Then, humidified N 2 (200 mL min −1 ) was fed to the electrode for another 30 min while still maintaining the potential at 0.1 V. Subsequently, the CO stripping curves were collected in the potential region from 0.1 to 0.9 V at a scan rate of 5 mV sec −1 at 25
• C under a back pressure. The ECSA of the cathode was measured by CV before ADT and at periodic intervals during the ADT. The ECSA was calculated from the charges associated with the hydrogen adsorption and desorption peaks formed in the potential region from 0 to 0.4 V vs. DHE during the CV. The CV for the cathode was performed by
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Journal of The Electrochemical Society, 159 (11) F768-F778 (2012) purging N 2 (20 mL min −1 ) and H 2 (50 mL min −1 ) to the anode and cathode, respectively, in the potential region from 0 to 1.0 V at a scan rate of 20 mV sec −1 at 25
• C without any back pressure. Activity of the anode was determined from the MOR polarization curves before ADT and at periodic intervals during the ADT. The MOR polarization curves were collected using LSV by feeding 1 M methanol (2 mL min −1 ) and hydrogen (100 mL min −1 ) to the anode and cathode, respectively, in the potential region from 0 to 0.7 V at a scan rate of 5 mV sec −1 at 80
• C. The effect of Ru migration to cathode of the cells after the 640h ADT period was evaluated by measuring the MOR response to methanol crossover at the cathode.
53`T he methanol crossover experiment was conducted by feeding 0.5 M methanol (2 mL min −1 ) and dry nitrogen (100 mL min −1 ) to the anode and the cathode, respectively. The cathode acted as the working electrode and the potential was swept from 0 to 0.6 V at the scan rate of 0.1 mV sec −1 . The methanol permeating to the cathode was oxidized and protons formed during the course of methanol oxidation migrated to anode which acted as the reference electrode (reducing the protons to hydrogen gas).
Post-mortem analyzes of MEAs by SEM-EDS.-Elemental com-
positions for both the anodes and cathodes of the MEAs subjected to ADT were evaluated using a JEOL JSM-7000F Field Emission Microscope (SEM) equipped with a Genesis Energy Dispersive X-Ray Spectrometer (EDS). The MEA samples were placed in the liquid N 2 and then cut into small pieces for cross-sectional analysis.
Results and Discussion
Physiochemical characterization of catalysts.-TGA, XRF and XPS analysis results for the PtRu/C (N-doped) and PtRu/C (Hi-SPEC) catalysts are given in Table I . It can be seen from the Table that both the PtRu/C (N-doped) and PtRu/C (Hi-SPEC) catalysts have approximately 30 wt% of 1:1 PtRu on carbon. XPS analysis shows that the PtRu/C (N-doped) mainly consists of a mixture of anhydrous and hydrous Ru oxides. On the other hand, the PtRu/C (Hi-SPEC) has a significant amount of metallic Ru and Ru oxide species. From Table I , it can be seen that for the PtRu/C (Hi-SPEC) only a small amount of nitrogen is present and it shows a fairly narrow N1s spectrum (Figure 1a ), indicating that nitrogen functionalities are most likely limited to pyrrolic, N-C=O and amine groups. In the case of PtRu/C (Ndoped), the ion implantation introduces multiple nitrogen functionalities, which is evident from the appearance of a wide N1s spectrum ( Fig. 1b) , suggesting the presence of graphitic, quaternary, pyridinic, C-N=O, pyrrolic, amine and nitrile groups.
32,46
Initial DMFC performance and electrochemical behavior of MEAs.- Figure 2 compares the initial DMFC performance (2a), anode MOR polarization (2b), and anode CO stripping voltammetry curves (2c) for MEAs made with PtRu/C (N-doped) and PtRu/C (Hi-SPEC). The MEAs with PtRu/C (Hi-SPEC) and PtRu/C (N-doped) generated 180 and 160 mA cm −2 , respectively, at 0.4 V. The lower performance of the MEA with PtRu/C (N-doped) is contrary to our recent report, in which a PtRu/C (N-doped) catalyst showed relatively higher initial performance than PtRu/C (Hi-SPEC). 48 As will be discussed in more detail later, this difference can likely be attributed to the significantly lower ECSA obtained for the PtRu/C (N-doped) catalyst used in this study. The performance trend is also reflected in the MOR activity comparison for the MEAs with PtRu/C (Hi-SPEC) and PtRu/C (N-doped) as shown in Fig. 2b . The onset potential of the MOR for PtRu/C (Hi-SPEC) is shifted negatively by ∼40 mV compared to that of the PtRu/C (N-doped) and the two anodes exhibit current densities of 300 and 260 mA cm −2 , respectively, at 0.4 V vs DHE. The CO stripping voltammetry curves for the MEAs with PtRu/C (Hi-SPEC) and PtRu/C (N-doped) are shown in Fig. 2c . These voltammograms yield ECSA values of 126.6 and 56.1 m 2 g −1 , for the PtRu/C (Hi-SPEC) and PtRu/C (N-doped) anodes, respectively. The ECSA of PtRu/C (N-doped) is nearly 56% lower than that of the PtRu/C (Hi-SPEC), but the cell performance of the former is merely 11% lower than the latter. It is important to note that the 40 wt% Pt/C used in the cathode of two MEAs have nearly identical ECSA values (84.1 and 87.5 m 2 g −1 for the PtRu/C (Hi-SPEC) and PtRu/C (N-doped), respectively); and so it is believed that the initial differences in cell performance can be attributed to the differences in the anode catalysts. Interestingly, the MEA with PtRu/C (N-doped) shows reasonable cell performance despite having significantly lower ECSA. We hypothesize that if the PtRu/C (N-doped) could be prepared with the same ECSA as that of PtRu/C (Hi-SPEC) it might be possible to attain significantly greater performance enhancement. Although the exact reason for the lower ECSA of the PtRu/C (N-doped) catalyst is not clearly understood, it is speculated that variations/inhomogeneties and possible morphological modification of carbon associated with the nitrogen implantation and PtRu sputtering process, especially when fabricating the large batch of catalyst material (∼3 g) needed for this study, may have contributed to the lower obtained ECSA. Because sputter-deposition of PtRu on high surface area carbon materials suffers from shadowing effects and does not take advantage of the preferential nucleation sites created during N-ion implantation, 48 it may be difficult for this approach to attain the ECSA values that can be achieved from wet chemical deposition approaches, where shadowing effects are mitigated and preferential nucleation-site effects can play a significant role. 38, 54, 55 Although the initial performance of the DMFC using PtRu/C (Ndoped) is found to be slightly lower than that of the PtRu/C (Hi-SPEC), previous studies suggest that the presence of nitrogen in carbon support of the former should provide higher electrochemical stability and improved long-term cell performance under normal DMFC operating conditions. 32, 46, 48 However, in order to more aggressively probe PtRu stabilization effects in the N-doped carbon catalyst material, the PtRu/C (N-doped) and PtRu/C (Hi-SPEC) MEAs in this study were subjected to a high anodic potential ADT protocol, which expedites Ru dissolution. The ADT study involved running both MEAs at a potential of 0.8 V vs. DHE for 640h under the potentiostatic mode with a periodic interruption every 80h to evaluate the electrochemical degradation of the electrodes and to check DMFC performance. (Fig. 3a) , initially a single narrow peak associated with the CO oxidation is observed with a peak potential at 0.47 V. After 200h ADT, the CO oxidation peak has shifted positively by ∼20 mV with a peak potential at 0.49 V. For the PtRu/C (N-doped) anode (Fig. 3b) , the CO oxidation peak is initially located at ∼0.44 V and after 200h ADT it has shifted positively by only ∼10 mV. In addition, the PtRu/C (N-doped) anode peak height and width shows less reduction during the ADT protocol. These results indicate a smaller loss of ECSA for the PtRu/C (N-doped) anode compared with the PtRu/C (Hi-SPEC) over the course of the ADT study. This point is further quantified by the relative ECSA loss curves depicted in Fig. 3c . This outcome suggests that less RuO x H y dissolution 19, 56 may occur in the PtRu/C (N-doped) anode (which mainly consists of RuO x H y species as shown in Table I ), during the initial stages of the ADT. This conclusion is further bolstered by the CO stripping results for the cathode, which will be discussed in the forthcoming section (see Fig. 4a ). We hypothesize that the higher initial amounts of metallic Ru phase in the PtRu/C (Hi-SPEC) as shown in Table I preferentially dissolve during the initial stages of the ADT, thereby leading to the more rapid initial ECSA losses observed for this catalyst. After 400 and 640h ADT, even though there is a further decrease in the charging current of the CO oxidation peak (due to dissolution of Ru/RuO 2 13,57 and RuO x H y 19,56 for the anodes of PtRu/C (Hi-SPEC) and PtRu/C (N-doped), respectively), there are no further shifts in the CO oxidation peak onset potential. This is most likely due to the electrochemical formation and conversion of mainly RuO 2 to higher oxide species during ADT at 0.8 V, which helps to mediate CO oxidation at an early potential. 8, 58, 59 It is understood that higher Ru-oxide species are simultaneously formed/converted and stabilized along with dissolution of Ru at 0.8 V vs. DHE, which will be discussed in more detail in the latter section. Because of the formation of these higher Ru-oxides, further ECSA loss in both catalysts is mostly mitigated at the longer 400 and 640h ADT intervals. The absolute values of the ECSA for both the catalysts after different intervals of ADT are given in Table II . After completion of the full 640h ADT study, the loss in ECSA for the PtRu/C (N-doped) and PtRu/C (Hi-SPEC) anodes is found to be ∼21 and ∼26%, respectively. In this study, even though we emphasize the ECSA loss is driven mainly by Ru dissolution in the context of observing a significant reduction of Ru dissolution for the MEA containing PtRu/C (N-doped) as compared with that of PtRu/C (Hi-SPEC), additional ECSA loss by particle agglomeration processes, especially on the anode of the MEAs subjected to ADT at 0.8 V vs. DHE for different periods of time is not ruled out, 8 although it would require a detailed investigation to fully separate these effects. Notably, however, one of our recent studies has shown that nitrogen doping in the carbon substrate has the ability to control even the agglomeration of catalytic particles, thereby minimizing the ECSA loss by this mechanism as well.
Journal of The
60 Figure 4 shows the CO stripping voltammograms for the cathodes (40 wt% Pt/C) of both MEAs as a function of ADT time. The initial CO stripping for both cathodes, obtained immediately after measuring initial DMFC performance, is shown in Fig. 4a . For the cathode of the MEA with PtRu/C (Hi-SPEC), a small CO oxidation peak at 0.55 V is apparent in addition to the primary CO oxidation peak associated with Pt at ∼0.72 V. 61 The observed peak at 0.55 V suggests the presence of trace amount of Ru species already on cathode of the MEA during this initial examination. 62 For the cathode of the MEA with PtRu/C (N-doped), the initial CO oxidation peak associated with Ru is not so prominent, and instead a larger CO oxidation peak for Pt is observed at ∼0.75 V. These results corroborate our hypothesis that dissolution and migration of Ru to the cathode is more severe during the initial conditioning and performance measurement period for the MEA containing PtRu/C (Hi-SPEC) as compared to the MEA containing PtRu/C (N-doped). As previously discussed, the presence of higher initial amounts of metallic Ru phase in the PtRu/C (Hi-SPEC) as shown in Table I may have led to greater preferential Ru dissolution and migration to the cathode during the initial DMFC break-in and performance testing period. The CO stripping voltammograms for the cathodes after ADT 200, 400 and 640h are shown in Figure 4b -4d. The first CO oxidation peak associated with Ru at 0.55 V gradually grows while the second CO oxidation peak at 0.74 V associated with Pt slowly diminishes for both MEAs, indicating an increasing amount of cathode Ru contamination coming from Ru/RuO 2 and RuO x H y, respectively, for the PtRu/C (Hi-SPEC) and PtRu/C (N-doped) anodes. For the MEA containing PtRu/C (N-doped), however, the peak changes are more gradual and less severe, suggesting that this cathode is contaminated with smaller amount of Ru species.
Ru contamination in the cathode has been shown to decrease cathode ECSA. 63 The cathode CV measurements as a function of ADT time for both MEAs are provided in Figure 5a -5d. The relative %ECSA loss extracted from H-desorption peaks of the CVs as a function of ADT time is shown in Figure 5e . Both cathodes exhibit well resolved hydrogen adsorption and desorption peaks along with a small double-layer charging current immediately after preconditioning the cell (Fig. 5a) . After ADT 200, 400 and 640h (Fig. 5b-5d) , the charge associated with the hydrogen adsorption and desorption peaks gradually decreases and the double-layer charging current gradually increases due to the increasing amount of Ru migration from the anode to cathode with increasing ADT duration. 63 The absolute ECSA values for each cathode measured by H-desorption peaks of the CV after different intervals of ADT are given in Table III . ECSA loss is considerably lower for cathode of the MEA containing PtRu/C (N-doped) compared to the cathode of the MEA containing PtRu/C (Hi-SPEC). As can be seen in Fig. 5e , the ECSA loss for cathode of the two MEAs levels off at long ADT durations (400 and 640h). We attribute this effect to the electrochemical formation/conversion and stabilization of Ru higher oxide species that slow down the Ru/RuO 2 and RuO x H y dissolution from the anodes of PtRu/C (Hi-SPEC) and PtRu/C (Ndoped), respectively, at longer ADT durations as previously discussed in Fig. 3 .
In order to further probe the influence of migrated Ru on methanol oxidation in the cathode, the methanol crossover current has been measured for both cathodes after 640h ADT (see Figure 6 ). As shown in this figure, the MOR onset potential occurs at ∼0.3 and ∼0.27 V for the cathodes of the MEAs containing PtRu/C (N-doped) and PtRu/C (Hi-SPEC), respectively. These MOR onset potentials are shifted negatively compared to the MOR onset potential typically associated with pure Pt catalysts (∼0.4 V). 64, 65 These negative shifts corroborate the presence of Ru in the cathode of the two MEAs. The MEA containing PtRu/C (N-doped) shows a slightly less severe MOR onset potential shift and a 40% lower MOR current density at 0.4 V as compared to the PtRu/C (Hi-SPEC) MEA. This result suggests that the cathode of the MEA containing PtRu/C (N-doped) has a lower amount of Ru contamination after the 640h ADT protocol. The influence of migrated Ru in the cathode on the performance of DMFC requires a detailed investigation. Combined with the previous results from the anode and cathode CO stripping and the cathode CV ECSA measurements, these results reinforce our hypothesis that the nitrogenmodified PtRu/C (N-doped) anode catalyst mitigates RuO x H y species loss from PtRu and therefore, the cathode of the MEA containing PtRu/C (N-doped) is significantly less contaminated with Ru after long-term durability testing. Interestingly, over the duration of the ADT test at 0.8 V, Pt dissolution does not appear to be serious from either anodes, which is evident from increase of Pt at.% against the initial level as will be discussed later in the context of Table V . and Ru/RuO 2 13,57 dissolution from anode of the PtRu/C (N-doped) and PtRu/C (Hi-SPEC), respectively), the open circuit voltage (OCV) and DMFC performances of both MEAs improve significantly during the initial stages of the ADT, as shown in Fig. 7a-7b . The OCV and DMFC performance results at 0.4 V are provided in Table IV . After 200h ADT, both MEAs exhibit identical current Table III . ECSA measured by CV for cathode of the MEAs with PtRu/C (N-doped) and PtRu (Hi-SPEC).
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MEA densities of 220 mA cm −2 at 0.4 V (Fig. 7c) . This amounts to an increase in current density of ∼28 and ∼20%, respectively, for the PtRu/C (N-doped) and PtRu/C (Hi-SPEC) MEAs despite the fact that the anodes have experienced ∼9 and ∼15% ECSA loss as shown in Fig. 3c . This observation is contrary to the results reported in the literature, where a severe degradation in a cell performance (using an anode containing PtRu (1:1) black) has been observed after 160h using the same ADT protocol. 8 As previously discussed, the improvement in OCV and cell performance is most likely due to the simultaneous electrochemical formation/conversion of Ru higher oxide species during the ADT at 0.8 V, which can be actively involved in the mediation of the MOR during the subsequent DMFC performance testing. 58, 59 After 400h ADT, the performances of the MEAs containing PtRu/C (N-doped) and PtRu/C (Hi-SPEC) are observed to be 170 and 175 mA cm −2 , respectively, at 0.4 V (Fig. 7d) . Almost identical results are observed after 640h ADT (see Table IV and Fig. 7e ). As shown in Table IV after long ADTs, current density for the PtRu/C (N-doped) MEA is still ∼8% higher than its initial value, whereas the PtRu/C (Hi-SPEC) MEA has experienced a slight ∼3% decrease in current density at 0.4 V. Meanwhile, the corresponding anode ECSA losses for the two MEAs after 640h ADT are ∼20% and ∼26%, respectively.
In order to further probe the phenomenon of improved DMFC performance during ADT, the MOR activity of both anodes were assessed via LSV under the same operating conditions used for DMFC performance testing (1 M methanol, methanol flow rate 2 mL min (Fig. 8a) . Although this result is contradictory with the observed improvement in the cell performance, it can be attributed to preferred Ru/RuO 2 dissolution taking place from the PtRu/C (Hi-SPEC) anode after the initial stages of ADT. At later intervals of 400 and 640h during ADT, there is no further decrease in the MOR current. This stabilization effect of PtRu/C (Hi-SPEC) anode is most likely due to the simultaneous electrochemical conversion of some of the RuO 2 (see Table I ) into RuO x H y species as shown by the following equation 1 and its involvement in the MOR activity. 58, 59 RuO 2 + xH 2 O → RuO x H y + xH
For the PtRu/C (N-doped), on the other hand, the MOR current increases by 25 mA cm −2 at 0.4 V after 200h ADT (Fig. 8b) ; this is consistent with significant improvement in the DMFC performance after the initial stages of ADT as shown in Fig. 7a . After 400h ADT, the MOR current decreases by 25 mA cm −2 and stabilizes thereafter at 0.4 V as seen in Fig. 8b . It is speculated that in the PtRu/C (N-doped), the presence of higher amounts of RuO x H y or RuO 2 . nH 2 O leads to 
The above reaction is likely to take place, besides the dissolution of RuO x H y species at 0.8 V. 19, 56 Our hypothesis is that the nitrogendoped carbon support has the ability to retain RuO x H y species in the PtRu catalyst, which in-turn facilitates the electrochemical formation of RuO 2−x (OH) 2x species that can actively participate in the MOR after long term ADT. From the DMFC performance and the anode MOR activity data, it is apparent that RuO x H y species dissolution during the ADT is minimized in the PtRu/C (N-doped) anode while the rapid electrochemical formation of RuO 2−x (OH) 2x species appears to be favored, leading to improved long-term performance and greater stability for the N-doped catalyst. The hypothesized adsorption of more amount of water by RuO x H y and its subsequent conversion into surface hydroxide species (which might have positive influence on the MOR), despite ECSA loss in the anode after being subjected to ADT at high anodic potential requires further investigation in future work.
SEM-EDS results for MEAs after ADT.-The MEAs after 640h
ADT were dissected in order to probe the atomic compositions of Pt and Ru both in the anode and in the cathode by SEM-EDS. The SEM cross-sectional images and the associated EDS maps for the MEAs containing PtRu/C (Hi-SPEC) and PtRu/C (N-doped) are displayed in Figure 9a -9b, respectively. The Pt and Ru atomic compositions both in the anode and in the cathode are given in Table V . From the Table, it is clear that the at.% Pt in both anode catalysts increases as compared to their initial level (see Table I ). The PtRu/C (Hi-SPEC) has initial Pt content of 50 at.% and after 640h ADT it shows a value close to 54 at.% The PtRu/C (N-doped) catalyst has an initial Pt content of 52.6 at.% and after 640h ADT it increases to 57.7 at.%. The enrichment in Pt can be related with loss of Ru from the anode of both the catalysts. These results confirm that Ru dissolution rather than Pt dissolution is predominant from the anodes of both MEAs during the ADT test at 0.8 V.
In the cathode side of both MEAs, the presence of Ru species after ADT is prominent from the SEM/EDS cross-section images. Detailed EDS mapping has been carried out to quantify the Ru content at various distances from the membrane/cathode interface for both MEAs (Figure 10a-10b) . The at.% Ru values for each MEA as a function of distance from the membrane/cathode interface are depicted in Fig. 10c . In both the MEAs, the Ru content is highest near the membrane/cathode interface and gradually decreases further out into the bulk of the catalyst layer. However, significantly less Ru is found in the cathode of the MEA containing the PtRu/C (N-doped) anode (∼4.8 at.% cathode-averaged Ru content) vs. the MEA containing the PtRu/C (Hi-SPEC) anode (∼8.2 at.% cathode-averaged Ru content). This observation is in good correlation with our CO stripping, CV and methanol crossover current results and discussions and substantiates the preventative effect of the N-doped carbon anode on mitigating Ru/RuO x H y dissolution and cross-over problems. Society, 159 (11) F768-F778 (2012) 
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Conclusions
The MEA based on the PtRu/C (N-doped) anode exhibited slightly lower initial DMFC performance compared to the MEA based on the commercial PtRu/C (Hi-SPEC) anode because of the significantly lower ECSA of the former catalyst. However, the performance of the two MEAs equalized after different stages of ADT and the relative anode ECSA loss incurred by the MEA containing the PtRu/C (N-doped) anode was found to be ∼5% less than for the PtRu/C (Hi-SPEC) anode. This effect is attributed to a significant mitigation in RuO x H y dissolution for the PtRu/C (N-doped) anode during the ADT. Furthermore, CO stripping, cathode CV, and methanol crossover current studies substantiated that the cathode of the PtRu/C (N-doped) MEA experienced significantly less Ru contamination than the cathode of the PtRu/C (Hi-SPEC) MEA. As a result, the relative cathode ECSA loss incurred by the PtRu/C (N-doped) MEA was found to be ∼7% less than for the PtRu/C (Hi-SPEC) MEA after 640h ADT. The postmortem SEM-EDS results of both MEAs after 640h ADT indicated a significantly larger amount of Ru contamination in the cathode of the PtRu/C (Hi-SPEC) MEA compared to the cathode of the PtRu/C (N-doped) MEA (∼8.2 Ru at.% vs, ∼4.8 Ru at.%). For both MEAs, the DMFC performance improved, especially after the initial stages of ADT, despite the anode and cathode ECSA losses. Interestingly, the MEA based on the PtRu/C (N-doped) anode shows performance improvements of ∼28 and ∼8% after initial (200h) and long-term (400 and 640h) ADT, respectively. In contrast, the MEA based on the commercial PtRu/C (Hi-SPEC) anode shows a performance improvement of ∼ 20% after 200h ADT and an overall performance decrease of ∼3% after long-term (400 and 640h) ADT. It is concluded that the significant improvements in the DMFC performance and the mitigation of RuO x H y species dissolution observed for the MEA with PtRu/C (N-doped) is mainly attributed to the ability of the nitrogendoped carbon support to enhance the retention of RuO x H y in the anode during ADT at 0.8 V.
